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FOREWORD

This report is the result of a study on the numerical analysis of stresses and

deformations of fixed-edge orthotropic and isotropic segmental cylindrical shells

under uniform and hydrostatic pressures as well as linear thermal gradient across

the thickness of the shell, Work on this study was performed by staff members of

Lockheed Missiles & Space Company in cooperation with the George C. Marshall

Space Flight Center of the National Aeronautics and Space Administration under

Contract NAS 8-11480. Contract technical representative was H. Coldwater.

This volume is the second of a nine-volume final report of studies conducted by the

department of Solid Mechanics, Aerospace Sciences Laboratory, Lockheed Missiles &

Space Company. Project Manager was K. J. Forsberg; E. Y. W. Tsui was Technical

Director for the work.

The nine volumes of the final report have the following titles:
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Shells

Stresses and Deformations of Fixed-Edge Segmental Conical Shells
Stresses and Deformations of Fixed-Edge Segmental Spherical
Shells

Influence Coefficients of Segmental Shells

Analysis of Multicellular Propellant Pressure Vessels by the
Stiffness Method

Buckling Analysis of Segmental Orthotropic Cylinders under Uniform
Stress Distribution

Buckling Analysis of Segmental Orthotropic Cylinders under Non-
uniform Stress Distribution

Summary of Results and Recommendations
iii
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SUMMARY

/3415~

This volume presents a set of basic equations for orthotropic thin elastic cylindrical
shells and a digital program for the analysis of static response of segmental cylinders

with fixed edges under the following loading conditions:

e Linearly varying pressure
e Uniform pressure

e Linear thermal gradient through the thickness of shell

The problem is solved numerically by means of finite-difference technique, using a
direct method of solving a large system of simultaneous equations. Also, a numerical
example showing the stresses and deformations of a segmental orthotropic cylinder

under uniform pressure is presented. ' »'Jqu“\V
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NOTATION

\

a.,b.,c.,A,B)C’
1 1 1

D .,E . ,M,  ,N,  ,
_( ) ) ) () g nondimensional parameters defined in text
Q(), S(),u,v,w,x,
Yy 0 ek )
spacing of stiffeners (stringers and ribs)
c eccentricity of stiffener with respect to middle-
surface of shell
d depth of stiffener
D flexural rigidity of shell = EhS/12(1 - »2)
E modulus of elasticity
Fi boundary force at Station i
Ff boundary forces of fixed-edge shell due to applied
forces or thermal gradients
G shear modulus
h thickness of shell
h,k mess spacings in X- and 6- coordinate directions
m, n number of columns and rows of the mesh
i, dummy subscripts
k, kij stiffness influence coefficients
L length of cylindrical segment
1\71( y? I\AI( ) moments and stress resultants
P( ) surface or body forces
Q,\ transverse shears
R radius
ix
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R. concentrated forces at corners of shell boundaries in

the z-direction

t width of stiffener

T change of temperature

U, v, w displacement components in directions x, 0,
and z

X,0,z cylindrical coordinates

éc angle subtending one-half width of cylindrical segment

£, M orthogonal coordinates along boundaries of shell

i boundary deformations (displacements or rotations)

at Station i

e( )’ 'y( ) direct and shear strains

% 0 changes of curvature or torsion of middle-surface

v Poisson's ratio

w () rotations of the normal at the middle-surface

() 2h)

'xX X

( )Ji functions at a discrete point i, j where i, j
implies the x~and 6- directions respectively

eT thermal strain = coefficients of linear expansion
times the change of temperature, T

d rotation in the middle-surface around the normal

Additional notations and symbols are defined in the text.
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Section 1
INTRODUCTION

As a result of an investigation of juncture stress fields peculiar to the multicellular
pressure vessels (Fig. 1), a theory for the prediction of the membrane and bending

stresses and the corresponding deformations for such shell structures was formulated.*

SYMMETRICAL
ABOUT
CENTERLINE — |

4 -CELL STRUCTURE 20-CELL STRUCTURE

Fig. 1 Multicellular Shell Structure

tion of Juncture Stress Fields n Multicellular Shell Strnctnrec " hv

E. Y. W Tsui, F. A. Brogan J. M. Massard . Stern, and E. Stuhlman,
Technical Report M-03-63-1, Lockheed Missiles & Space Company, Sunnyvale,
Calif., Feb 1964 — NASA CR—61050.
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Due to the fact that analytic solutions are still lacking, it was decided to solve the
problem numerically by means of finite-difference technique. To ensure the feasi-
bility of such a numerical solution, a direct method of solving large matrices with

a high-speed digital computer was ailso developed.

According to the previous work, if the stiffness or displacement method is used, the
total forces and hence the corresponding stresses along the juncture of the shell

segments (Fig. 2) may be expressed concisely in the following matrix form

F = ko + F@ (1.1)

where k is the stiffness matrix, 6 are the deformations, and Ff are the fixed-end
forces due to applied loads or thermal gradients. In view of this situation, it is
logical to solve the problem systematically by the established general procedure of

analysis already described.* This procedure may be stated briefly as follows:

1. Determination of the fixed-end forces, Ff , along the boundary as
well as stresses and deformations in the interior of shell segments
due to loads

2. Determination of the influence coefficients, kij , along the boundaries
of shell segments, i.e., the induced forces at points i due to unit
deformations (6 = 1) at points j

3. Determination of the actual deformations, 6 , along the shell
boundaries; this requires the satisfaction of both compatibility and

equilibrium conditions at the junctures of the structure

Once all the work involved in these three steps is completed, the total stresses and

deformations in the specific discrete interior locations may be obtained.

*'Investigation of Juncture Stress Fields in Multicellular Shell Structures," by
E. Y. W, Tsui, F. A. Brogan, J. M. Massard, P. Stern, and C. E. Stuhlman,
Technical Report M-03-63-1, Lockheed Missiles & Space Company, Sunnyvale,
Calif., Feb 1964 — NASA CR-61050.
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Fig. 2 Basic Shell Elements of Multicellular Structure
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This volume presents results of the work involved in Step 1 only and covers the

following items:

e Nondimensional formulation of the problem

e Detailed description of a workable digital program for the generation of
solutions

e Tabulation of stresses and deformations of an orthotropic segmental

cylinder with fixed edge under uniform internal pressure

LOCKHEED MISSILES & SPACE COMPANY




Section 2
FORMULATION OF PROBLEM

The necessary analytical expressions for an anisotropic cylinder have already been
given.* In order that this report be complete in the sense of equations, all the
required equations specialized to that of an anisotropic cylinder are presented.
Further, boundary conditions for a boundary which coincides with coordinate axes
are given. Finally, the governing equations are written in difference form and the
ordering of the equations are given so that they can be solved by the ""direct method"

described in Vol. 1.

2.1 ANALYTICAL FORMULATION

The geometry of the cylindrical panel under consideration is shown in Fig. 3.
Symmetry is noted in the #-direction. This condition does not restrict the equation

system which follows; it only affects the method of solution.

Anisotropy of the cylinder is due to ribs and stringers of the same size which are
equally spaced in both directions as shown in Fig. 4. If the spacing b between ribs
and stringers is large, it is necessary to analyze the cylinder as if it were composed
of shell panels and stiffeners. However, when the spacing becomes small the struc-
ture assumes an anisotropic shell. Figure 5 shows further details of an element of

rib and stringer geometry.

To obtain a formulation which will yield solutions covering a wide range of shell
parameters, all geometrical and dependent variables have been nondimensionalized

and normalized in the following manner:

*'Investigation of Juncture Stress Fields in Multicellular Shell Structures," by
E. Y. W. Tsui, F. A. Brogan, J. M. Massard, P. Stern, and C. E. Stuhiman,
Technical Report M-03-63-1, Lockheed Missiles & Space Company, Sunnyvale,
Calif., Feb 1964 — NASA CR-61050.
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D>

Fig. 3 Geometry of Cylindrical Panel

Fig. 4 Element of Stiffened Shell
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Consequently, the basic shell equations
through 2. 1. 4.

u/R
v/R
w/R
N/Eh
M/EhR

Ry

@.

.

@.

2.
@.
@.
@.
@.

@.

can be written as shown in Secs. 2.1.1
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2.1.1 Rotation-Displacement Relations

Positive displacements and rotations of the reference surface (Fig. 6) are shown in

Fig. 7 and are related by the equations:

€
I

- (P/ec) st

£
I

V- (1/0,) W,

d = [(P/QC) V’X - (1/90) u’G]/Z
2.1.2 Strain-Displacement Relations

The strains of the reference surface are related to displacements by

m |
[

(p/6,) u,

m |
I

5 = l/ch,9+w

= |
It

(1/6,) w, _+ (p/0,) v

and the changes of curvature and torsion are

Xg = T (10/90)2 Wy

Xe = (l/oc)vse - (1/90)2“’:96
2

Xx0 ~ (p/oc)v’x B <p/ec)w’x6

LOCKHEED MISSILES & SPACE COMPANY
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Fig. 6 Stress Resultants, Moments. and Loads

Fig. 7 Displacements and Rotations
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The strains at a distance z from the reference surface are given by

[}
|

= € +z
X X XX

69 = 60 +ZX9

2.1.3 Constitutive Relations

Positive stress resultants are shown in Fig. 6.

to strains by the equations

x0 ~ "x6 * 2Zxx

0

- T

2.

2.

(2.

NX = Exex+EV66-Scxx+N 2
T
L - -S,x, + N @.
NG = EV€X+ E6€9 6re
Nox = Egx ¥ (2
Neo = Egx 7 7 Doylxgg) (2.
M=D()+D()—SZ+MT (2
X x\Xx v'Xg c x :
M, = D (y.)+ D.(y,) -S €, + MY (2
) x ' Xx 0'Xg co :
Mx@ N MGX - DOX(XXG) (2.
Q = (0/05) [Dplxdsg * Dylxghy ~ Se & x
+ MY ] + (D, /60 ) Rx, ,) (2.
’x ox’ “c Xx6/10
QB - (p/ec) DGx(xxe)’x * (1/90) [Dx(xx)’e
+ Do(xa)yn - S € +MT] (2.
6 X0’ 9 c 6,0 9
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LOCKHEED MISSILES & SPACE COMPANY

6a)

6b)

6c)

These stress resultants are related
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where

E_=E, = [1+ (th)d/b)1 - )1/ - %)

E = v/(1 - v%)

E = 1/2(1 + »)

S. = (¢/R)(t/h)(d/b)

D_ =D, = x{1+ (t/h)(d/b) [(¢/n) + 12(c/h)?] (1 - ¥*)} /(1 - %)

D = vk/(1 - V2)

D, = & {1+ 2 (t/h)3 (d/b)} /(1 + v)
T h/2 -h/2
N = - [1/(1-v)h] |[ aTd+ (t/b) [ asz]
h/2 Z(d+h/2)
T h/2 -h/2
M~ = - [1/(1 - v)hR] [f aTzdz + (t/b) f aTzdz]
“h/2 “(d+h/2)
_n?
K = 19R?

2.1.4 Governing Differential Equations

The governing differential equations for an anisotropic cylinder in terms of the
displacement components u, v, and w are given by

a,u,__+aju +a

1% oW g +aw,XXX+aw,X:A (2. 8a)

3V'xe " 24 5

11
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by, g F PoVsyy T BgVipg T bWy ip T P5Wsggp T DWW,y = B (2.8D)
Cr1%xxx T C% x T C3Voxxo T €4V 000 T C5V0 0 T C6Wrxxxx T STV xx00 T 8V’ 9000
+09w,99+clow = C (2.8c)
where

a, = (p/0 ) E b = a

1 PP X 1 3
a, = E, /6 b=(/0)2(E +2D, )
2 0x’ "¢ 2 P c ox 0x

~ 2 _ 2) -
a, - (p/GC)(EV + E, ) by = (1/9C (E, + D, - 25_)

~ 3 _ (2,3
Ay - Sc(p/ec) b4 - (p /90> (DV * 2D6x)
a. = (p/0 )E b :-(1/93)(D -8 )
5 P c v 5 c 6 c

bg = (1/6,) (Ey = S_)
3 4

€1 ° (p/gc) Sc °6 = (p/@c) Dx

_ B 2,4
¢y = 25 ¢7 = 2(” /9c> (D), + Dy)
c. = b c. = (1/94>D
3 4 8 c 6
c, = b c, = <2/02>S
4 5 9 c c
5 = bg c10 = By

12
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A = —(pXR/Eh) - (p/Gc)N,E
B = -(p,R/Eh) - (1/90)N,'g - (1/90)1\/1,'5
C = (p,R/EN) - NT 4 (p/OC)ZM,;EX ¥ (1/9C)2M,§9

The right-hand vectors of Eg. (2.8) for three types of loading and the corresponding

dimensional displacement components are given below:

e Uniform normal pressure

A =20

B =20

C = p,R/Eh = 1.0
u = upZRz/Eh

v o= vaRz/Eh

w o= prRz/Eh

® Linearly varying pressure

A=0

B =0

C = (R/Eh)(p, + p,)
4 = urR%/En

¢ = vR%/En

% = wR%/Eh

e Linear temperature gradient

A =20
B =0
Tl t\/d
¢ - a2 @0, - )

13
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where

o = coefficient of thermal expansion
TO = ambient temperature at which the structure is stress free
. ) Te + Ti o
1 2 o
Te , T1 = external and internal temperatures of shell skin
U = uR
v = VR
w = wR

It should be noted that Eqgs. (2.7) and (2. 8) reduce to the case of isotropic shells if
d=t=0.

2.2 BOUNDARY CONDITIONS

The boundary conditions have already been given* for an arbitrary shell with a smooth
boundary curve. These boundary conditions are in terms of displacements and stress
resultants. If the boundary curve is not smooth it is possible that a concentrated load
must be applied at the slope discontinuity. This concentrated load can be established

by use of the work done by the boundary forces,

"= ] [l 5 7
W = <N77+ R un+<N§— Rn>u§
c

+ h@_v_v 2.9
Q3w+Mw—A d¢ (2.9)
Ui

*"Investigation of Juncture Stress Fields in Multicellular Shell Structures," by
E. Y. W. Tsui, F. A. Brogan, J. M. Massard, P. Stern, and C. E. Stuhlman,
Technical Report M-03-63-1, Lockheed Missiles & Space Company, Sunnyvale,
Calif., Feb 1364 — NASA CR-61050,

14
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The last term in equation can be integrated by parts to yield

M M oM
b _ o __tm Y o]
W _j[<Nn+R>un+(Ng Rn>u§+<Q3+An 877>w
C

K
+ Mgwn] d¢ - 121 R.w (i) (2. 10)

where

Thus Ri is a concentrated load in the direction of z at which the boundary curve

has a discontinuous slope.

At this point a specific boundary curve is considered. This is shown in Fig. 8 as

abcd . The boundary forces for various sections of this boundary curve are given

Rb
SYMMETRY
LINE

N

[+
Rc/

Fig. 8 Boundary Curve and Forces
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by the equations:

ab:
N =N, ++M
N x0 R "x6
Ng:Nx
Q--lo +Ltm, |

Xx R 7x6,6

M§:MX
Ry = 2My

bc
Nn:_Nex
N§=N9
Q=[Q9+M9x’x]
M§=M(9

cd:
Nn:Nx6+_Mx0
Ngsz
Q:Qx+_Mx9,6
M =M
& X

At the corners b and c there is a possible reaction load given by

R, = 2M g(b;c)

16
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For a fixed-edge cylinder, the displacement components are all zero. Thus, for the

boundary curve abcd , the required boundary conditions are

ab: u=v =w EQ‘—V—EO
9x
be: u=v =w 5%—‘2’50
cd: uEVEWEQW_EO
ox
Along ad the symmetry conditions are
v =0
w9=0
N@x:() ’ MGx:()
Q =0

2.3 STRESSES IN SKIN AND STIFFENERS

Once the stress resultants and couples are known, the corresponding maximum and

minimum stresses of an isotropic shell can be computed by the relations

_1g L6 g
o =y N+ 5 M 2. 11)
h
_lA '_6_-;\
o, = & N, 2= M, (2.12)
h
17
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This is based on the assumption of a linear stress variation through the thickness

given as
o, = Ei + za}i3 (2.13)

- . b . .
where o, isa membrane stress and zo; is the stress due to bending.

For a shell composed of ribs and stringers the expression for stresses cannot be
obtained in the above manner. When stresses are required it is not necessary to
first compute stress resultants and couples based on strains and curvature changes.
However, the computation of stresses in the skin and stiffeners of an orthotropic
shell in which the stress variation between stiffeners is small must be obtained by

use of the basic equations for stress. These equations are given by

Stress in skin:

o, = ) E 5 [(El + sz) + z(x1 + sz)] (2. 14)
-V
__E T o4
0 = ) 5 [(e2 + Vel) + z(x2 + Vxl)] (2.15)
-V

Stress in stringer:

- h
g, = E(e1 + le) where \z] >3 (2. 16)
Stress in rib:
= E(e, + h h 2.17)
Ty = (€ Zxo) where |z | >3 (2.

In the digital program there is an option to printout the above strains.

18
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Section 3
NUMERICAL ANALYSIS

The finite-difference method is used to solve the governing equations of a cylindrical
shell segment with fixed edges. The scheme in this numerical method of solution is
to replace the problem of a continuous coordinate system by a problem defined at a
finite number of coordinate points. To accomplish this discretization, the continuous
two dimensional (x, #) domain of the cylinder is covered by a uniform rectangular

net as shown in Fig. 9. Lattice points of this net which are within the domain D

COLUMNS
0} 1.0
o} G
i g
r
g
o 05
[+
SYMMETRY R

LINE

N
1.0

—t T | f—

Fig. 9 Domain and Boundary of Cylindrical Shell Segment
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are called mesh points and lattice points on the boundary curve T are called
boundary points. At these lattice points the dependent variables (u, v, w) of

the governing differential equations are replaced by the discrete values of uJ , vg s

in . The subscript i of uJ

denotes the row number and corresponds to the
x-coordinate while the superscript j denotes the column number and corresponds to
the #-coordinate. In general, the boundary curve does not coincide with the net.

However, in the problem under consideration, this complication does not exist.

The difference equations which are a set of algebraic equations representing the
governing equations and boundary conditions are formed by first approximating the
derivatives at a given point by a function of the variable at neighboring points. These
functions replace the derivatives of the governing equations. Thus, at each mesh point
three algebraic equations can be written in terms of neighboring points. When the
boundary conditions are accounted for in these equations the resulting set of

simultaneous algebraic equations
AX = B

replaces the continuous problem. The solution of this set of algebraic equations can

be accomplished by methods described in Vol. I.
3.1 APPROXIMATION OF DERIVATIVES

To transform the governing equations to difference form,the derivatives of u,v,w
are expressed in terms of their values at neighboring mesh points. These derivatives
are determined by a Taylor series approximation* for a rectangular net and are given

by the following equations:

*"Investigation of Juncture Stress Fields in Multicellular Shell Structures," by
E. Y. W. Tsui, F. A. Brogan, J. M. Massard, P. Stern, and C. E. Stuhlman,
Technical Report M-03-63-1, Lockheed Missiles & Space Company, Sunnyvale,
Calif., Feb 1964 — NASA CR-61050.
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fy = /2R (£-)

X
£, . = 1/A2 (f‘l’-zfg+f‘jl)
f, o = 1/2F° (fg - 28] + 22, -ffz)
o = VA (54840848, £, )

0 0 (o}

£y = VK fi—2f2+f;l)

00 = 1/&° <f§—2fc1)+2f;1-f;2)
! o000 = 1k (fi -4f; + 610 -4f;l+f;2>

f, , = 1/4fk (f}-f}l-fihfj)

f, o = 12K (- ch1)+2f;1+fi+f}l-f11—fj)

f, oo = 1/20 2( 219 + 262+ £+ 0l - -1])
f, o pp = VEOES (- 2] - 2% -2l - 2r e £+ £t 4 g + 410

Lower order approximations to be used as noted

_ 43 ]
W yxx 1/h | 2-3u +3uo iy
u = 1/}_13 [ - 3u +3u . - u° ]
7 XXX [ "1 o 1 -2
23 [l Lo .-l -2
= i — u 3 -
% 000 i/ u, - 3ul +3u T -u }
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le)
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1h)

1i)

13)

1k)
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1m)
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3.2 DIFFERENCE EQUATIONS

The formation of the difference equations is effected in a straightforward manner by
substituting the appropriate expressions of Egs. (3. 1) into the governing equations
[Egs. (2.8)]. A complication arises when the equations are written at each mesh
point and the boundary conditions are included in the appropriate equations; i.e., it

is not possible to obtain a sufficient number of equations as unknowns. The applica-
tion of central difference approximations requires that low-order approximations be
used near the boundary so that this problem will not occur. It is noted that Eq. (2.8c)
contains a third derivative of u with respect to x and a third derivative of v with
respect to 6. The third derivatives as given by Egs. (3. 1c) and (3. 1g) are in terms
of five points hence is a higher order approximation (only four points are necessary
for a third derivative). It was decided to incorporate the four point derivative

[Eq. (3. 10)] for v, 060

changed to Egs. (3.1m) and (3. 1n) when the equations are written one row from the

throughout while the third derivative in x would only be

boundary. After these substitutions, the governing equations in difference form at a

point o,o0 are as follows:

Al(u(i * u(—)1> + Agu) + Ag (“c1> * “c_>1> * A4(Vi - V}1 } Vll * Vj) * As(wcl) - ng)
gl v%) - =
B1(ui - ui1 - “11 ¥ “:D * By ("2 * chl) + BV + B4(Vcl> * V;I) *+ By (W<1> - ng)
+ BG(Wi + wil - wil - wj) + B7(wg - w;2> = Bg (3. 2b)

-1

o_ o o o -2 o 1 -1 [ 1 1 _ ‘]
Cl(“ u >+Cz<u )+C3Vo +3CyV + CyV + CgV m+ Cg |V + V-V "V

1%

o (] 0 0 1 —1) < 1 1 + -1 +
+C7 (w2+w_2)+08(w1+w_1> + C9(wo+wo +Clo w1+w_1 W1
2 -2 0o o)
= 3.2
* C11(Wo * Wo ) + C12Wo Co ( °)
22
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-1

)




where

A1 = al/ﬁ
A, = - 2(A; + Ag)
-2
A3 = az/k
A, = ag/4Bk
Ag = a,/2h - 24,
A, = a/2R°
6 5
A° = A
(o]
B, = A,
B _2
B, = b,/h
B, = - 2(B, + B,)
~ _92
B4 = b3/k
By = - 2(Bg + By) + b6/2k
B, = b, /2h%
6 4
B. = b_/2K°
7 5
B = B
(o]
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C, = cy/2h

C, = 02/25 - 2C,

Cy = - c4/123

Cy, = -2C; - Cq + c5/2i2

C, = - C, - 4Cq

Cq = cg/2hK

C, = 06/54

Cg = - (4C, + 2C )

Cy = - 2(Cyy +2Cy) + c9/‘1'<2
Cip = Cq k2

Cuit = 08&4

Cig = 6C, +4C )+ 6C , - c 0 - 209/122
Co = C

The complete set of difference equations are obtained by writing these equations at
each mesh point. Along lines of symmetry only two equations are necessary since
one of the variables will be zero. After the incorporation of fixed edge boundary
conditions, a sufficient number of equations for unknowns yields a set of simultaneous

algebraic equations which are written in matrix form as
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Unless care is exercised in ordering the equations and unknowns, the square matrix

A can be full. From the aspect of solving a large number of equations (Vol. I), the
ordering is important. To establish an insight into the idea of the ordering employed,
it is noticed from the difference expressions [Egs. (3.1)] that the highest derivatives
are in terms of at most two rows "above;" two rows ""below;!" two columns to the "left,"
and two columns to the "right" of a given meshpoint. If all the equations for a given
column were written and stored in submatrix form, the unknowns would involve two
columns to the "right' and '"left." Thus, any column would involve, at most, five sub-
matrices. The matrix A is accordingly partitioned in the manner shown below, where

m is the number of columns in the finite difference net.

E1F1G1' . . 0
D2E2F2G2

C3 D3 F3 F3 G3 0

m m m
L

This matrix A is obtained by writing Egs. (3.1) in D and not on the boundary I .
The boundary and symmetry conditions have been used to eliminate certain equations.
Fixed-edge boundary conditions are well-suited for this formulation, since they do
not require complex algebraic expressions. Specifically, if Eqs. (3.1) are written
one column from the boundary, then the submatrix Fm iszero (u=v =w = 0)
and the submatrix Gm contains only w terms which are reflected into Em due to
the boundary condition that does not permit rotation. Along a symmetry line all
terms are either reflected with the same or opposite sign. This fact accounts for
the missing C1 and D, matrices. Similar alterations are made in each matrix

to account for boundary and symmetry conditions.
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3.3 GRADING OF MESH

For a cylinder the solution in D is not uniform; at the boundary (x = 0, 1) the varia-
tion of the dependent variables occurs in a small interval. Such boundary behavior is
characteristic of shell-type problems. For a cylinder, this behavior occurs only in

the x-direction. To reveal the solution in sufficient detail in this region requires a
small mesh spacing. To obtain this spacing without increasing the number of unknowns,
some type of variable spacing must be incorporated. A rather simple method which
accomplishes the small spacing and which does not destroy the form of the matrix A

is called grading. In grading, the mesh spacing is changed by a factor of two from the

parent mesh as shown in Fig. 10,

-2 FINE MESH
-1
hi/2
X 0
PR RN W7y 3 P S——
' COARSE MESH
2

Fig. 10 Grading by Factor of Two
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The major problem associated with grading mesh in the x-direction is obtaining the

equation at the interface between different meshes. The following method is employed:

® Point o is considered as an ordinary point of the fine mesh and derivatives
are expressed in terms of points -2, -1, 0, 1/2, 1 where point 1/2 is
obtained by interpolation of 1 and 0.

e Points, such as 1 which is interior to the coarse net, are considered to be
in the mesh space h and use points -2, 0, 1, 2, 3.

e Points, such as -1 which is interior to the fine mesh, are considered to have

mesh spacing h/2 and use points -3, -2, -1, 0, 1/2.
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Section 4
DIGITAL PROGRAM

4.1 GENERAL DESCRIPTION

The present program provides solutions for fixed-edge stiffened and unstiffened
cylindrical panels under loads and changes of temperature. The method of solution
consists basically in obtaining the displacement components u, v, and w at various
discrete stations of the structure by finite-difference approximation (see Secs. 2 and

3). The corresponding strains and stresses may then be computed.

The program is designed to compute the fixed-edge forces due to intermediate loads
or thermal gradient. However, displacements, strains, and stresses in the loaded
region are also evaiuated simultaneously. The following program options are

available:

® Construction
(a) Isotropic
(b) Orthotropic
® Finite-Difference Mesh
(a) Uniform spacing
(b) Graded spacing in the x-direction
(c) Symmetry in the x-direction
® loading conditions
(a) Uniform normal pressure
(b) Linear normal pressure

(c) Linear temperature gradient through the skin thickness

There are no restrictions on the geometrical dimensions of panels. However, the

accuracy with which the basic differential equations are approximated may vary for

different configurations of the cylinder.

28

LOCKHEED MISSILES & SPACE COMPANY




The finite-difference mesh network is specified completely by prescribing the number
of rows and columns exclusive of the boundaries, together with the grading options
which have been chosen. Rows in the finite-difference mesh are parallel to the

6-axis, and columns are parallel to the x-axis. The number of rows may vary from

4 to 24 and the number of columns from 4 to 80. Thus, a maximum of 5760 unknowns
can be solved. Greater accuracy near the boundaries can often be obtained by
selecting grading. By this means, it is possible to use a mesh spacing at the boundary
as little as 1/32 of that at the middle portion of the panel.

There are certain restrictions on the use of the grading option. When such an option
is used, a separate input card is required to specify a mesh spacing exponent MM(J)
for each row J . The finite-difference equations written along row J , then use the
mesh spacing XH/2**MM(J) . This distance must be the least of the two distances
from row J to the row above and the row below. XH is the basic input mesh
spacing along the x-direction. For any row J, MM(J) and MM(J+1) must not
differ by more than 1. Also, three consecutive rows cannot have three distinct

exponents, MM(J ) may vary from 0 to 5.

Figure 11 shows the flow diagram of this program. The description of symbols, and

input data are shown in Tables 1 and 2.
4.2 NUMERICAL EXAMPLE

The analysis of the cylindrical panel with ribs and stringers (orthotropic shell) shown
in Fig. 12 will serve as an example to illustrate input data format and the type of

information that can be obtained through use of the program described in this volume.

The example is for the loading option of uniform normal pressure (PZ = constant)

in which two symmetry lines are present. The grading option is used to obtain a
reasonable solution. The actual mesh spacing which yields solutions of desired
accuracy must be obtained by exploring runs with different mesh spacing. The 14 row

20 column mesh used in this example proved satisfactory for the particular geometry.

29

LOCKHEED MISSILES & SPACE COMPANY



Set tape unit
designations;
initialize clock

Read and write

Reset tape
control values

input data

Isotropic
cylinder
Orthotropic
cylinder
= 0 Row 1 of mesh is
IOPT 2 symmetry line,
x = 1/2
=1

Row 1 of mesh is
adjacent to the
boundary, x - 0

Uniform mesh
spacing

Graded mesh
spacing in
x-direction

Linear Linear Uniform
thermal normal normal
gradient pressure pressure

|

and write run
time

Print cylindey
strains

Write stress
resultants Ny .
Nggp. Q. and
My . Ny, Nox .
Q. and My

Solve auxiliary
equation system
by Gaussian
climination

Form auxiliary

equation system
for the boundary
conditions

Write solution
for displacement
components u ,
v, and w

Omit cylinder
strains

Compute coefficients of
finite-difference equations
and values of control
constants

Factor finite-difference
matrix by recursion on
the submatrices

Obtain particular
solution X by

backward substitution

in fuctored matrix

Fig. 11 Flow Chart

30

LOCKHEED MISSILES & SPACE COMPANY




16PT1

I¢PT2

16PT3

1¢PT4

1¢PT5

RoW
CoL
XH
XK
ZNU
RH¢
THC
R1H
D1H
D1B
T1H
ClH
P
DP
TE
TI

Symbol

o= - T N -~ R - T e R N -

Table 1

DESCRIPTION OF SYMBOLS

Description

Isotropic cylinder

Anisotropic cylinder

Row 1 of mesh is symmetry line, x = 0.5

Row 1 of mesh is adjacent to boundary

Uniform mesh spacing

Graded mesh spacing in x-direction

Uniform normal pressure

Linear normal pressure

Linear temperature gradient through the skin thickness
Omit cylinder strains

Print cylinder strains

Number of rows in the finite-difference mesh

Number of columns in the finite-difference mesh

Basic distance between rows in the mesh

Basic distance between columns in the mesh

Poisson's ratio

Shape factor (ROC/L)

Half angle of segment (see Fig. 3)

Radius to thickness ratio (R/h)

Depth of stiffener to thickness ratio (d/h)

Ratio of depth to spacing of stiffeners (d/b)

Ratio of stiffener width to skin thickness (t/h)

Ratio of eccentricity of stiffener to skin thickness (c/h)
Initial value of linear pressure

Linear pressure coefficient [P(ZETA)=P¢+DP*ZETA]
External temperature

Internal temperature
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Symbol

T¢
oC
MM(J), J=1, R¢W

MM(31)

MM(32)
MM (33)
MM (34 )
MM(35)

CILBL(I, 1
CILBL(I, 2
CILBL(I, 3
CILBL(I, 4

N S S
L B e T o B |
Il

e e

Table 1 (cont'd)

Description

Ambient temperature for zero stress
Coefficient of thermal expansion

Grading mesh constants; mesh spacing used for
difference equations on row J is equal to
XH/2.**MM(J )

Number of rows to be plotted
Four row numbers for which plot output is desired

(U, V,W,N , M, Ny, Mp)

Curve labels appearing on the plot output to identify the
rows selected CILBL(I, 1) corresponds to MM(32) ;
etc.
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13(€)

Table 2
INPUT DATA SEQUENCE AND FORMAT

Fortran Symbol

RECORD

16PT1, I¢PT2, 1¢PT3, I¢PT4, I¢PT5
R¢W, CoL, XH, XK
ZNU, RH¢ , THC, R1H
D1B, D1H, T1H, ClH
P¢, DP

TE, TI, T, OC
MM(J),J=1, R¢W
MM(J), J=31, 35
CILBL(I, 1),I=1,6
CILBL(I, 2),1=1,6
CILBL(I, 3),1=1,6
CILBL(I, 4),I=1,6

(@) Omitted unless I¢PT1=1
(b) Omitted unless I¢pPT4=1
(c) Omitted unless IpPT4=2
(d) Omitted unless I¢pPT3=1
(e) Omitted if MM (31)=0
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Format

72H
5I1
6E12.8
6E12,.8
6E12.8
6E12.8
6E12.8
3512
512
6A6
6A6
6A6
6A6



————

"_LU
8. —{ 1 |

\
D)

:’—-—ir——

L = 51.5 in.
& 7 R = 35.5 in.
/ 8c = 0.594 rad
e t = 0.221 in.
L L—7 b = 6.82 in.
d = 0.603 in.
h = 0.147 in.

1L

Fig. 12 Cylindrical Panel for the Example

Values of input quantities are given in Table 3 and a listing of the corresponding
input data cards is presented in Table 4. For convenience, the coordinate value x

corresponding to the row number is as follows:

x=0 — Row 15 x=0.1 —Row 7
x = 0.00625 — Row 14 x =0,15—Row 6
x =0,0125 — Row 13 x=0.2 —Row
x = 0.01375 — Row 12 x =0.25 —Row 4

x =0.25 — Row 11 x=0.3 —Row 3
x =0.0375 —Row 10 x=0.4 —Row 2
x =0.05 — Row 9 x=0.5 —Row 1

x =0.075 —Row 8

The computer results are in the form of printed digital values and plots. The sample
printed output given in Table 5 presents displacements components (u, v, W)

stress resultants (NX ) N0 s Nxe , N@x , MX R M6 , Mxe
stress resultants (Ntan ) Nnorm » @, M) . [Note that these quantities are in non-

» Q Qy) > and boundary

dimensional form.] Plotted output includes displacement components (u, v, W)
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Table 3

INPUT VALUES FOR THE EXAMPLE

Symbol Value
1¢PT1 1
I¢PT2 0
1¢PT3 1
I¢PT4 0
I¢PT5 0
RoW 14.0
CoL 20.0
XH 0.1
XK 0.05
ZNU 0.3
RH¢ 0.4
THC 0.594
R1H 242.0
D1H 4.1
D1B 0.0884
TH 1.5
C1lH 2.55
,1;? ,”I]‘) ¢P”OTCE ’} Not required
MM(1) 0
MM(2) 0
MM (3 ) 1

Symbol

MM (4)
MM(5)
MM(6)
MM(7)
MM(8)
MM(9)
MM (10)
MM(11)
MM(12)
MM(13)

MM(35)
CILBL(I, 1)I=1,6
CILBL(I, 2)I=1,6

CILBL(I, 3)I=1,6
CILBL(I, 4)I=1,6

35

Value

[ N N/ /U VY i i

o O O ©
©C O = b

13
x = 0,5, symmetry line
x =0.15, Row 6

x =0.05, Row 9
x =0.0125, Row 13
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and stress resultants (Nx s NG , Mx , MG) along four specified rows, and boundary

stress resultants (Ntan » N

norm

output is shown in Figs. 13a through f.

» @ , M). along the boundary curve.

Table 5
SAMPLE PROBLEM ORTHOTROPIC CYLINDER NORMAL PRESSURE

CYLINDER DISPLACEMENT COMPONENTS {Up V,y, W)

COoL
1,

1y

R
17
i6
15

13
12
11
10

9.

8
7
6
5
4
3
2
1

17
16
15
l4
13

OW

__BOUNDARY

14

SMTY LINE

BOUNDARY

SMTY LINE
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U

0.

1.867072€E-03

o.
~1.284630E~03
-1.970761€E-03
-2.146589E-03
-1.886211E-03
-6.2688TTE=-04

T.368894E~04

3.060286E=03

4.810151E-03
5.546042E-03
4.607340£-03
3.100316€E-03
1.885045E-03

 2.TT1763E-04

Oe.

0.

1.867419E-03

0.
-1.284551€E-03

- =1.970173E-03

-2.145067E-03

-1.883325€E-03

-6.204223E-04
T.474678E-04
3.080177€-03
4.840821€E-03
5.599483E-03
4.,683598E-03
3.190010€£-03
1.973994E-03
3.367156E-04
0.

37

0.

0.

2.395163E-04

O.
=2+394961E-04
=4.794142E-04
=7.201626E-04
-3.621046E~-04
~1.449002E-03
=-1.941692€-03
-2.936370E-03
=3.934191E-03
=5.,904731E-03
-7.734518E-03
=9,.321540E~03
-1.056890E~02
-1.233849E-02

T\ arzcscC -
-LOJLJUJEE—Oz

T1.2A2910F

This plotted

W
4.639469E-02
1.068088E-02
0.
1.068088E-02
3.757576E-02
7.598753E-02
1.216492E-01
2.197437E-01
3.220843E-01

5.268981E-01

6.942787E-01
9.627899E=01
1.094271E 00
1.154270€E 0O
1.187821E C€O

- 1.238483E 00

1.264708E 00
4.643006E-02
1.068889E-02
O.

1.068889E-02

T.604596E-02
1.217435E-01
2.199158E-01

3.223415€E-01.

5.273326E-01

- 6.948892E-01

9.637371E~01
1.095230€& 00
1.154876E 00
1.187832E 00
1.237066E 00
00

P Wia 5 & W -

- 3.760434E-02



Table 5 (cont'd)

CYLINDER STRESS RESULTANTS.

ROW COL
ls
1,
1,
1,

o

1l

1y

1,

1,

le

le
ly

1,

1y

1,

1y

ls

1y 1

1,

13

15
16
17
. 18
19
20

e

NX
2.6528E-01
2.6489€E=-01
2.6373E-01

T 245951E6-01

2.56696=01
2.5358E-01
2.5027E-01
2.46856-01
2.4340E-01

2.3687E-01
2.3402E-01
243161E-01
2.2972E-01
2.2842E-01

2.2759£-01
2.2805E-01
2.29116-01
2.3095€-01
2.6197E-01

2,60936-01
2.5963E-01
2.5788E-01
2.5573€E-01
2.5322E~01
2.5037€e-01
2.47206-01
2.4379€-01
2.4025€=01
243673E~01
2.3341E-01
2.3049E-01
2.2816E-01
2.2659E-01
2.2586E-01
2.2602E-01
2.2698E-01
2.2853E-01

1 2.4003€-01

2.2771E=-01

- 2.6171E=01

' 1.0048E

NTHETA
1.0063E
1.0060E
1.0054E
1.0043E
1.0028E 00
1.0010E 00
9.9882E-01
9.9642E-01
9.9382E-01
9.9109E-01
9.8826E-01
9.8536E-01
9.8239E-01
9.7929E-01
9.7601E-01
9.7241E-01
9.6839E-01
9.6377E-01
9.5843E-01
9.5224E-01
9.4519€E~-01
1.0076E 00
1.0074E 00
1.0072E 00
1.0068E 00
1.0063E 00
1.0058E 00
1.0053E 00
00
00
00

(0]¢]
00
00
00

1.0043E
1.0036E
1.0026E 00
1.0012€ 00
9.9932E-01
9.9680E-01
9.9355E-01
9.8946E=01
9.8447E-01
9.7851E-01
9.7157€~01
9.6362E-01
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NXTHETA

0.

"Oo
-0.
-00
-00
-0.
-0
-0
-0.
~0.
-0.
-0.
-0.
-0
-0.
"Oo
-00
-Oo
-0.
"Oo

O.

0.
-1.8205€E-03
-3.5577E-03
-5.1359E~03
-6.4952E-03
-7.5968E-03
-B.427T1E-03
-8.9975E~03
-9.3438E-03
-9.,5235E-03
-9.6109E-03
-9.6908E-03
~-9.8495E=-03
-1.0165E-02
-1.0697E=02
-1.1475E-02
-1.,2497€E=-02
-1.37L3E~02
-1.5032E-02
-1.6319E-02

NTHETAX
0.
0.
O.
O.

wo;ww
O.
o.
0.
O.
o.
.0."
O.
o.
o.
0.
0.
,0:“
0.
O.
0.
0.
O.
"=1.8229E-03
-3.5624€E-03
-5 14265'03
-6.5036E-03
-T71.6066E-03
-8.,4377E-03
-9.0083E-03
-9.3542E-03
-3.5329€E-03
-9.6186E~03
-9.6962E-03
-9.8522E-03
-1.0165E-02
-1.0693E-02
-1.1470E-02
-1.2489E=02
-1.3704E=-02
-1.5024€E-02
-1.6314E=-02
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Table 5 (cont'd)

" CYLINDER STRESS RESULTANTS.

ROW
l,
1y
| S
1y

le
1,
1l
i,
1,

l,
1,
l,
l,
1,
lw
1,
i,
2,
2,
2y
2y
2,
2y
2
2y
2
2y
2,
2y
2y
2y
2y
2y
2y
2,
2y
2,

SFOEE

o

ly

CcoL
1

9
10
11
12
13
14
15
16
17
18
19
20
21

1

2
3
4
5
b
7
8

9
10
11
12
13
14
15
16
17
18
19
20

2
3
4
M
6
7
8

MX
5.0592€-05
5.0581E-05
5.,0443£-05
4.9633E-05

4.7371E-05

4+.3004£-05
3.6363E-05
2.7829E-05
1.8175&£-05
8.3288E-06

-8.0897E-07

-8.4913E-06
-1.4187E=05
-1.7612E-05
-1.8745E-05
-1.7856E=-05
~1.5573E-05
-1+3013E-05
~-1.1997E-05
-1.5405E~05
-2.T7679E-05
3,1744E~05
3.1315€=-05
3,0085E~-05
2.8769E-05
2.8420E-05
2.9992E-05
3.3853E-05
3.9718E-05
4.6857E-05
5.4352E-05
6.1281E-05
5.6815£=05
7.0238E-05
7.0938£=05
5.8365E=05
6.2018E-05
5¢1462E-05
3.6410E-05
1.6901E-05
-5.4005E-06

MTHETA
-1.0763E-03
-1.0724E-03
-1.0610E-03
-1.0426E-03
-1.0178E-03
-9.8810E-04
-9.5559E~04
‘9-2348E-04
-8.9564E-04
-8.7630E-04

=8.,6968E=04

-8.7978E-04
-9.1013€E-04
~3.6375E-04
~1.0430E~03
-1.1498E-03
-1.2853E-03
-1.4505€E-03
-1.6457E-03
-1.8712E-03
-2.1270E-03
-1.0950E-03
-1.0920E-03
-1.0865E-03
-1.0762E-03
-1.0578E-03
-1.0282E-03
-9.8898BE~04
-9.4522E-04
=-9.0355E~04
-8.7049E-04
-8.5183E-04
=8.5246E-04
-8.7644E-04
-9.2716E-04
-1.0075E=-03
-1.1202E-03
-1.2680E=03
-1.4542E-03
-1.6830E-03

) QcaQ - Y
-L07)78£‘O3

MXTHETA
0.
-0,
'0.
-0
‘00
-0
-0.
-0
‘0.
-0'._.. -
-0
-00
-0.
-0
-Oo
'Oo
=0
-0
-Oo
'Oo
O.
0.
2.3703E-06
4.6311E-06
6.6TT2E~-06
B+4078E-06
9.7279E-06
1.0550E-05
1.0800E-05
1.0420E=05
9.3820E-06
7.6981E-06
5.4324E-06
2.7123E=-06
-2.6545E-07
=3.2344E-06
~5.8658E~06
-T.7813E=-06
~8.5713E-06
-T.8134E-06

~5.0897E-06

- s W
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gy

QX
=0
-0.
-0.
-0,
“Oo
=0
-0
-00
‘Oo
-O.
-0.
-0,
=0.
-0.
-0.
-0‘

-0.
-0,
-0.
-0.
3.1202E-05
- 2.T7395E-05
1.6108E-05
~-2.9826E-06
-3.0281E-05
-6.5603E~05
-1.0750E-04
-1.5314E-04
-1.9870E-04
-2.3985E=-04
~2.7236E-04
~2.9248E-04%
-2.9738E-04
-2.8542E-04
-2.5619E=-04
=-2.1043E-04%
-1.4955E-0¢%
~T.4986E=-05
1.2648€E=-05
l.1411E-04
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QTHETA
0.
T.5491E-05
1.1768E-04
1.0103E-04

-4.6353E-06

-2¢3431E~04
=6.2220E~-04
-1.1931E-03
=1.9557E-03
-2.8997E~03
-3.9963E-03
-5.2001E-03
-6.4521E-03
-7.6835E-03
-8.8188E-03
-9.7790E~03

 =1.0484E-02

-1.0857E=-02
-1.0824E-02
-1.0318E-02
-9.2818E-03
o.
-1.2359E-05
-5.0195€E=-05
~4.3526E-06
1.2611E-04
2+3306E-04
1.5135E-04
=2.2747E-04
=9.3213E-04
-1.9362E-03
-3.1832E-03
-4.6021€E-03
~-6.1142E-03
-7.6387E-03
-9.0954E-03
-1.0408E-02
-1.1505E-02
-1.2320€E-02
-1.2790E-02
=-1.2850E-02



"~ BOUNDARY
ROW COL
15, 1
15, 2

15, 3
15, 4
15, 5
15, )
15, 7
15, 8

15, 9
15, 10
15, 11
15, 12
15, 13
15, 1lé
15, 15
15, 16
15, 17
15, 18
15, 19
15, 20

15, 21
15, 21
15, 21
14, 21
13, 21
12, 21
11, 21
10, 21
9,y 21

8, 21
7, 21
6y 21
5, 21
4, 21
3, 21
2, 21
1, 21

Table 5 (concl'd)

STRESS RESULTANTS.

NTAN
0.
~9,9253E-03
~1.9856E-~02
-2.9786E-02
-3.9693E-02
=449522E-02
-5.9183€E~02
-6+8540E-02
-7.7403E=-02

=8.5528E=02

-9.2609€E-02
-9.8280&£-02
-1.0212E-01
~1.0369E-01

=1.0253E-01
-9.8260E~02

-9.0609t-02
-T.9514E-02
-6.4861E-02
-4.T7527€-02

 5.2778E-06

-Oo
4.7472E-02
3.68542=02
5.7328BE~02
5.81l59E~02
7.8445E~02
8080805’02
1.0422E~01
1.0879E~01
l1.0117E~01
7.8073E~02
5.6605€E~02
4,0230E-02
1.7408E~02

-0.

NNORM

1.3740£~01

1.3764E-01
1.38395-01

" 1.3972€-01

1.4176E£-01
1l.4464E-01
1.4854£-01
1.5361E-01
1.5998E&-01
1.6772€-01
1.7679€-01
1.87042-01
1.9807£=-01
2.0921£-01
2.1932:-01

12.26625=01

2.2831c-01
2.2004E-01
1.9454E£-01
1.4206E-01
0.

0.

3.5T95E-02
9030745-02
1.5213g-01
l1.7713E-01

2.6504E-01

343439E-01
4,7853E-01
5.9205E-01
TeT824E=01
8.6801E-01
9.0768E-01
3.2840E~-01
3.5526E~-01
9.4519E-01

40

Q
-9.7865E~02
-9.7941E~02
=9.8159E=02
-9.8498E~02
-9.8921E-02
=9.9379E-02
-9.9808E~02
-1.0013E-01L
-1.0026E-01

-1.0010E-01

~9.9514E-02
~9.8377E-02
-9.6528E-02
-9.3773E-02
-8.9879E-02
-8.4554E~02
-T.7435€-02
~6.8014E-02
-5.5224E-02
-3.7239E-02

-3.8332E-04

-1.1373E-03
-9.,2014E-03
-1.4575€E~-02
-2.0018€-02
-2.3955E-02

-3,16136-02

-3.4840E-02
=3.9606E-02
=3.6757E-02
-2.7202E-02
-1.8730E-02

-1+43892E~02

-1.1751E=-02
-1.1864E-02
-9.2818E-03

M
-4.,5881c-03
-4.5917€E-03
-4.6019E-03

-4,6168E-03

-4.63364E-03
~4.6478E-03
-4.,6548E-03
-4.6485E-03
-4.6221E-03

-4.5683E-03

-4.,4787E-03
-4,3448E-03
-4.1573E~C3
-3.9062E-03
-3.5816E-03

-3.1739&-03

-2.6758E~03
-2.0857E=03
-1.4113€E-03
-6.8500E-04

0.

‘Oo

-1.5851&E-04
-2.6829E-04
-4.8001E-04
-5.6753E-04

-1.0926E-03

-1.4496€£-03
-2.0841E-03
-2.4067TE-03
-2.6660E-03
-2.5554E-03
-2+3926E-03
-202986E-03
~2.2927E-03
-2.1270E-03
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EXAMPLE PROBLEM ORTMOTROPIC CYLINDER NORMAL PRESSURE

© Xz.5 ,SYMMETRY LINE @ xz.05 , RoW 9
X X=.15 , ROW 8 ¥ X=.012% , ROW 13
1.6x10"02 b
N
AN
/ AN
1.ax10792
/.
) \
\
1.2x10702 /
\
/.
1.0x10”92 /)
\
| ;
s.oxt0” 93 r& |
4 \
. Ao
e.ox1079% /7 \
A
/ !
s.0x10°93 / \\
\\
pd \%
2.0x10793 ’ |
Af/ A AN |
N l N\
° ! A U
- — et —d r—o
-2.0x10"93 ——— ; i
. 0.2 0.4 0.6 ‘ 0.8 ' 1.0
THETA

a — Cylinder Displacement Components

Fig. 13 Output Plot for Sample Problem Orthotropic Cylinder Normal Pressure
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EXAMPLE PROBLEM ORTHOTRCPIC CYLINDER NORMAL PRESSURE
@ Xz.35 ,SYMMETRY LINE @ Xz.03 , ROW §

X X=.15 , ROW & Y X=.012%5 , ROW 13

o N prd

-s.0x10792 \\

X :

-1.0x10" 9! )'/

THETA

b — Cylinder Displacement Components
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EXAMPLE PROBLEM ORTHOTROPIC CYLINDER NORMAL PRESSURE
@ X2.3 ,SYMMETRY LINE @ X=.085 , Row 9

X Xz.15 , ROW & ¥ X=.0128 , ROW 13

1.2x10°%0 ‘\?\‘\

1.0x10*%° \

o.ox10™! \

H\N\\

\
s.0x1079! | \[ \
\

R

/

. 0.2 0.4 0.6 0.8
THETA

¢ — Cylinder Displacement Components
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NX

EXAMPLE PROBLEM ORTHOTROPIC CYLINDER NORMAL PRESSURE

@ X=.5 ,SYMMETRY LINE 8 X2.05 , ROW 9

X X=.13 , ROW ¢ Y X=.0125 , ROW 13

-—
—
-
— =
—— RN \
2.0x107%1 /'/
/r’
Pd
//
4 \ 1]
P \\
\\
1.0x10”9% \\
\\
1\
|
\
\
. 0.2 THOE.‘TA 0.8 0.8

d — Cylinder Stress Resultants
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EXANPLE PROBLEM ORTHOTROPIC CYLINDER NORMAL PRESSURE

@ Xx.5 ,SYMMETRY LINE @ x2.05 , Row 9
X Xx.13 , ROW 6 ¥ Xz.0125 , ROW 13
1.0x10*%9, )
94—
) )
s.0x10792 >
<
‘ -
w
X
! 2  e.oxio™®
x
4.0x10702

.—_'_‘—’_'—’_G‘_H—Q‘—Q_G—“—ﬁ_ﬁﬂ—a—a—e——e—o

2.0x10”

1

. 0.2 0.4 0.¢
THETA

e — Cylinder Stress Resultants
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EXAMPLE PROBLEN ORTHOTROPIC CYLINDER NORMAL PRESSURE .Mﬂoonﬂ.

ooc

@ X=.5 ,SYMMETRY LINE @ X=.05 , ROW 9

X Xs.19 , ROW ¢ ¥ X2.0125 , ROW 13

o
~
‘ 9 9 9 <
— /
/
/
/
-1.0x10"%3 v /
/
/
/
/
/)
/
-2.0x10"%?
/
x
L
L 0.2 0.4 0.8 0.0 1.0
THETA

f — Cylinder Stress Resultants
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4.3 LISTING OF THE PROGRAM

The complete source program is given in Table 6.
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